We describe here a procedure that significantly enhances the intensity and method-specificity of immunocytochemical staining in large mounted semi-thin plastic Epon sections. The procedure was developed for the detection of the neurotransmitter gamma-aminobutyric acid (GABA) in rat brain tissue fted with glutaraldehyde, but it may also be helpful in unmasking other antigens under different conditions. In addition to some practical suggestions for improving the Correspondence ta H. J. Romijn, Netherlands Inst. for Brain Research, Meibergdreef 33, 1105 A 2 Amsterdam, The Netherlands. reproducibility of the staining procedure, we demonstrate that the crucial step in the procedure is pre-treatment of the deplasticized sections with proteinase-K before exposure to the first antibody. This leads to a high morphological resolution and an excellent immunocytochemical signal. ( J Histochem Cytochem 41:1259-1265, 1993) KEY WORDS: Light microscopy; Immunocytochemistry; Methods; Glutaraldehyde; Epon; Proteinase-K; GABA. 20. Sterio DC: The unbiased estimation of number and sizes of arbitrary iigens: the GES (glutar-borohydride-saponine) procidurh. fHistochem Cytochem 31:791, 1983 particles using the disector. J Microsc 134127, 1984
Introduction
Post-embedding immunocytochemical staining of semi-thin (0.5-S-pm) plastic Epon sections for light microscopic evaluation combines the advantages of high morphological resolution with the possibility of staining adjacent sections (about 0.5 p m thick) containing profiles of the same cell perikarya with different antibodies. However, particularly when the tissue has been fixed with a high concentration of glutaraldehyde, the method often has the disadvantage of a relatively low immunocytochemical signal in comparison with that of free-floating vibratome sections. The generally held assumption is that this decreased stainability can be explained by (a) reduced antigenicity of the tissue due to the relatively high temperature (55°C) required to polymerize the Epon and/or the chemically aggressive treatment needed to remove the Epon from the sections to make thqm suitable for immunostaining and (b) the immobile state of the semi-thin sections mounted on microscope slides, which will certainly hamper penetration of the antibody (gamma-globulin) into the tissue, particularly when the protein matrix has been cross-linked by glutaraldehyde fixation (10) .
These considerations also hold true for paraffin sections which, on the average, also show a lower immunocytochemical signal than that observed with free-floating vibratome sections.
The present report describes a simple method to significantly enhance the intensity and method-specificity of an immunocyto-chemical signal in large mounted semi-thin plastic Epon sections of rat brain (cerebral cortex) fixed by perfusion with glutaraldehyde. Although we show here that the method is effective for immunocytochemical detection of the non-proteinaceous neurotransmitter gamma-aminobutyrate (GABA), it may also be helpful for immunocytochemical (ICC) localization of other antigens.
Materials and Methods
Several variables were independently tested against control conditions to obtain strong and reproducible immunocytochemical staining. All those experiments are not listed here but instead a brief, qualitative account is given (see Results and Discussion). We only mention the definitive protocol that eventually gave the best results.
Animals and Tissue. Anesthetized rats were perfused transcardidly with PBS, pH 7.4, followed by 5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4. The brains were post-fixed in the same fixative overnight. The brains were then transected at the level of the optic chiasm and the anterior and posterior parts were routinely dehydrated on a rocking plate via a graded series of ethanol (30 min per step, finished with 3 x ethanol loo%), followed by propylene oxide (three times for 30 min), propylene oxidelEpon 2:1 (overnight), propylene oxide/Epon 1:2 (overnight), Epon (depending on the size of the brains, 1-2 days at room temperature until the brains had sunk to the bottom), and finally embedded in fresh Epon to polymerize at 45°C (2 days) and 55'C (1 day). With a 6-mm diamond knife, (Histoknife, Diatome), 1-or 3-p-n transverse sections, 5.5 x 14 mm, were cut from the dorsal half of the brain. They were mounted (in groups of four) with a drop of freshly boiled distilled water on microscope slides previously coated with diluted chromalum-gelatin. Air bubbles between the sections and the slides were removed under a dissecting microscope by ROMIJN, JANSZN, POOL, BUIJS 40mm even and reproducible immunostaining, since an equal amount of antibody solution is present over all sections (Figure 1 ). The block should be thoroughly cleaned with a detergent, rinsed with distilled water, and dried gentle smoothing with two fine-pointed brushes over the sections. Thereafter, the microscopic slides were put in a slightly tilted position on a hotplate (75'C) so that the sections could stretch and gradually adhere over their entire length to the chromalum-gelatin coat. Mounted in this way, the sections should be completely smooth.
Epon Removal. The following procedure is a modification of the procedure originally described by Lane and Europa (11). (a) Make a saturated solution of NaOH (about 12%) in 100% ethanol by stirring at room temperature for 1 week; part of the NaOH and ethanol will react to sodium ethoxide (sodium ethanolate). Immunocytochemistry. After proteinase-K treatment, the sections are immunostained by the conventional three-step peroxidase-anti-peroxidase method (21). All three antibodies used in this study were prepared in our laboratory. The antibody against GABA (raised against glutaraldehydeconjugated GABA) was previously found to selectively stain GABAcontaining neurons in glutaraldehyde-fixed brain tissue (2.3.17). Instead of placing the antibody solution on top of the glass-mounted sections, a special incubation block is used which reduces the amount of antibody needed to less than 0.25 ml per microscope slide, eliminates the risk that the edges of the sections may dry out during incubation, and guarantees before every incubation.
(a) Shake off the excess TBS and place slides, sections upwards, on a flat surface. Amply cover the sections with supermix (0.15 M TBS, 0.25% gelatin, 0.5% Triton X-100, pH 7.6) and pre-incubate them at room temperature for 5 min. (b) Shake off the excess supermix and place the slides with their ends on both raised rims of the plastic incubation block with the mounted sections downwards. Pipette the GABA antibody (diluted 1:lOOO in supermix) into the space between the sections and the bottom of the incubation plate (<0.25 ml), put the plate in a closed metal box with wet filter paper on the bottom, and let the sections incubate at room temperature for 1 hr, followed by 3 days at 4°C. (c) Rinse in 0.15 M TBS + 0.005% Triton X-100 (three times for 15 min). (d) shake off the excess TBS and pre-incubate the sections in supermix at room temperature for 5 min (see Step a). (e) Incubate the sections with the second antibody (goat anti-rabbit diluted 1:lOO in supermix) on the plastic incubation block at room temperature for 1 hr. (f) Rinse in 0.15 M TBS + 0.005% Triton X-100 (three times for 15 min). (g) Pre-incubate in supermix at room temperature for 5 min. (h) Incubate with rabbit peroxidase-anti-peroxidase complex (diluted 1:500 in supermix) on the plastic incubation block at room temperature for 1 hr. (j) Rinse in 0.15 TBS + 0.005% Triton X-100 (three times for 15 min). (k) Finish with a mixture of diaminobenzidine (0.05% and H202 (0.002-0.006%) in 0.05 M Tris-HC1, pH 7.4, at room temperature for about 10 min. (1) If desired, the signal-to-noise ratio can be enhanced by silver coating, e.g., according to Merchenthaler et al. (13) . We prefer to treat the sections with silver methenamine (4) followed by gold chloride (8) . Silver-gold intensification also prevents signal loss caused by fading of DAB precipitate in some mounting media. (m) Dehydrate the sections in a graded ethanol series and coverslip with, e.g., Entellan (Merck; Darmstadt, Germany).
Results and Discussion
We started our experiments by applying the conventional combination of Epon removal according to Lane and Europa (1 1) followed by routine immunocytochemical staining according to Sternberger (21). Although some specific staining for neuronal perikarya, nerve fibers, and nerve endings was seen (as would be expected on the basis of staining of vibratome sections with the same antibody), the intensity of the immunocytochemical signal in each section was almost always low to very low and was distributed very unevenly, whereas background staining was relatively high. This background staining particularly involved nonspecific staining of almost all cell nuclei (Figure 2a) . Surprisingly, however, intense, selective staining of GABAergic neuronal perikarya, nerve fibers, and terminals was seen in folds and over occasional air bubbles formed between the sections and the microscope slide, as well as on the edges of the sections when these had come slightly loose from the slide when no optimal chromalum-gelatin coating had been applied (Figures  2a-2c) . This fmding showed that GABA antigenicity was still present all over the section but that the stainability of the antigen by the GABA antibody was "optimal" only in areas not adherent to the slide.
On the basis of these observations we tested many experimental variations to enhance the overall immunocytochemical signal. Initially we assumed that the plastic had not been removed completely during the sodium ethoxide treatment and/or subsequent rinsing in ethanol (except for the well-stained areas located over 
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folds and air bubbles or freely moving at detached edges of the sections). We therefore systematically changed the steps originally prescribed by Lane and Europa (11) . This showed us that interim draining on bibulous paper was superfluous, as was incubation in phosphate buffer solutions of pH 7 and pH 4 after deplastification. However, a minimal amount of Triton in the TBS (0.005%) appeared to be necessary to guarantee maintenance of a water film over the deplasticized sections when the excess TBS was shaken off the slides before they were covered with supermix for pre-incubation. In fact, the slightest drying of the deplasticized sections ruined the immunostaining! All this led to the modification described in Materials and Methods, which eventually gave a more even and reproducible immunostaining than the original protocol, although removal of the Epon from the sections seemed equally thorough in both procedures (at least as far as could be judged by fluorescence and phase-contrast microscopy). We also tested a new chemical mixture described by Iwadare et al. (9) to remove Epon from semi-thin sections. This mixture of crown ether, dimethylsulfoxide, and methanolic potassium methoxide resulted in enhanced immunostaining in comparison with the Lane and Europa procedure (11), but the areas located over folds or air bubbles, or on detached edges of the section, still exhibited a substantially better staining. However, when this procedure was combined with proteinase-K treatment (see below), the sections were completely ruined.
Testing different incubation times for the first antibody showed that a 3-day incubation was optimal in comparison with incubation times of 1, 2, 5, or 7 days, as it gave the strongest immunospecific staining together with the lowest background staining (almost the same results were obtained later after pre-treatment with proteinase-K, see below).
Changing the pH of the first antibody solution from 7.6 to 4 or 8, or enhancing its NaCl concentration from 0.15 M to 0.5 M, or pretreating the sections with different concentrations of H202 or sodium borohydride to reduce the double bonds to single bonds at the glutaraldehyde-protein cross-link sites (1, 5, 10, 23) gave no visible improvement. Neither did fixation of the brains in a mixture of 2.5% glutaraldehyde and 2 % formaldehyde or freezing of the deplasticized sections in liquid nitrogen for 10 sec to increase the permeability of the tissue. By omitting the chromalum-gelatin coating or replacing it by other vehicles, the possibility was tested (and excluded) that the relatively strong negative electric load on the outside of the glass exerted through the semi-thin section a repulsive effect on penetrating antibodies.
On the basis of the outcome of the above experiments, it occurred to us that the suboptimal immunostaining might be caused by insufficient penetration of the antibody. Moreover, the nonspecific staining of cell nuclei suggested that nonspecific binding of antibodies could not be completely removed during subsequent rinsing because of obstruction by too dense a tissue matrix. We there-fore tried pre-treatment of deplasticized sections with proteinase-K, a proteolytic enzyme routinely used during in situ hybridization to enhance the accessibility of mRNA for a specific probe. This resulted in a dramatic increase in the intensity and specificity of the immunocytochemical staining of the respective GABAergic elements and an even distribution of the immunostaining over the section (Figures 3a and 3b ). There was no longer any difference with the areas located over folds and air bubbles. The staining intensity of the GABA-immunoreactive perikarya ranged from weak (but still well-discernible by a conspicuous brown color) to fully opaque, and the GABA-immunoreactive nerve terminals were striking, particularly by their arrangement around GABA-negative perikarya and proximal dendrites (Figures 3a and 3b) . In general, the picture was of a reproducible high quality and combined high morphological resolution with a strong immunocytochemical signal. This effect was not observed when proteinase-K (MW -19,000) was replaced by albumin (MW -69,000).
The reason why pre-treatment with proteinase-K turned out to be so successful is probably that the procedure resulted in a more open matrix in the mounted sections and, therefore, improved accessibility of the GABA antigen for the antibody. It remains to be explained why sections that had not been pre-treated with proteinase-K nevertheless showed optimal staining in areas over folds and air bubbles and on edges that had become detached from the slide. We assume that because of the convexity of these areas the tissue stretches somewhat, resulting in a more open structure of the protein matrix and thus an enhanced accessibility of the antigen.
For optimal application of the proteinase-K treatment, it is worthwhile to assess (on a couple of semi-thin sections) for each experiment in a time series the proper incubation time required to obtain optimal immunocytochemical staining. Presumably because of small, unnoticed variations in our controlled histological processing (e.g., during fixation or Epon embedding), the incubation time occasionally varied. Too short an incubation with proteinase-K did not clearly distinguish the GABA-positive nerve cells from nonspecific background staining, whereas too long an incubation time led to progressive disappearance of the GABApositive nerve terminals, followed by nonspecific staining of all perikarya and, finally, a completely digested cytology. However, the time window within which sections suitable for reliable estimation of the number of GABA-positive profiles per unit area of tissue can be obtained is fairly broad. For example, in the present study a 15-min proteinase-K incubation turned out to be optimal for many tissue blocks with regard to the immunocytochemical signalto-noise ratio. When three adjacent sections of such blocks were simultaneously treated with proteinase-K for 7.5, 15, and 30 min, respectively, many weakly stained perikarya in the semi-thin section that had been treated for 30 min also had an immunopositive profile in the two other sections, which evidently illustrates the latitude in the proteinase-K incubation time. It is plausible that the cross-linking of the protein matrix by glutaraldehyde, together with the immobile state of the mounted sections during incubation, constituted the main reason for the poor immunoreactivity in our untreated sections. If so, this implies that fixation with paraformaldehyde would have been a promising option to solve at least part of the problem, were it not for the fact that our GABA antibody was immunoreactive only in glutaraldehyde-fixed tissue (2, 3, 15) , so that this possibility could not be tested (see also refs. 5, 9, 19) . Moreover, a good antibody for localizing GABA in paraformaldehyde-fixed tissue was not commercially available at that time. Also worth mentioning is that when we developed our GABA antibody, other groups did the same. Surprisingly, the group of H h o r i (7, 12, 18, 19, 22) and that of Montero (14) showed that they did not need proteinase to obtain good GABA immunoreactivity on plastic sections of brain tissue fixed in a mixture of paraformaldehyde and glutaraldehyde (see also 15 for aspartate and glutamate immunohistochemistry). Comparison of the reported information in the Materials and Methods section of the respective reports does not allow a conclusion on whether the difference in outcome is due to a difference in the fixation protocol, the antibody structure, or anything else. It is questionable, though, whether the results presented in those studies are as satisfactory as ours, since a high glutaraldehyde concentration (such as we used) is known to give more rapid and adequate preservation of cell (ultra)structure and unstable and/or highly diffusible metabolites. Apart from that, proteinase-K pre-treatment of paraformaldehyde fixed tissue is not a priori redundant; it might also lead to a higher immunocytochemical detection level.
For immunostaining of a proteinaceous antigen, pre-treatment with proteinase-K may have a positive effect, a negative effect, or none at all. The final outcome is unpredictable because of various unknown factors, such as the difference in vulnerability to enzymatic digestion between the antigen and the surrounding cellular protein network. It is therefore advisable to systematically assess the optimal conditions for proteinase-K enzyme pre-treatment for each fixative-antibody-antigen combination. Furthermore, in addition to proteinase-K, the effect of other proteolytic enzymes, such as pronase, pepsin, and trypsin, which have already been used successfully for many years on vibratome and mounted deparaffinized sections, could be mutually compared (see 6 for a general discussion).
When, after aldehyde fixation of the brains, vibratome sections or small tissue blocks were post-fixed with os04 for 1 hr followed by dehydration and embedding in Epon, the use of proteinase-K was still needed to obtain comparable immunocytochemical results. Such osmificated tissue, however, lent itself admirably to a combination of light and electron microscopic (immunocytochemical) investigation on adjacent sections (not shown).
Finally, the present immunocytochemical staining on semi-thin Epon sections turned out also to fulfill in every way the prerequisites for applying a special, unbiased morphometric method (the physical disector) (20) to reliably assess the proportion of GABAimmunoreactive neurons per unit volume of cerebral cortex tissue (16) .
